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ABSTRACT

The effects of fully kinetic electrons, including both trapped and passing electrons, on turbulence
and transport in tokamaks are studied using a 3-dimensional gyrokinetic particle code that
uses field-line-following coordinates in a flux-tube and the split-weight scheme for the electrons
(I. Manuiskiy and W. W. Lee, Phys. Plasmas 7(5), 1381 (2000)). The problem of high plasma
beta in kinetic electron simulations (Y. Chen and S. E. Parker, Phys. Plasmas 8(5), 2001)
is revisited. The problem arises from the large term, Sm;/m.A| in the Ampere’s law (in
dimensionless form), [-V3 + mﬁm}_ = 367, When m;/m, well exceeds k? finite § effects
cannot be accurately simulated using previous algorithms. By evaluating the fm;/m, term
using the same discrete representation of marker distribution and the same scattering operation
as that used for 0 f, finite [ effects for the three branches of wave — Alfvén wave, drift wave
and ITG — are all accurately observed for fm;/m,. > 20 in a 3-D shearless geometry. Finite [

stabilization of toroidal I'TG and the kinetic ballooning mode are also observed. The electron-
ion collisions are found to be stabilizing for both instabilities.



Split-weight Scheme

e Perturbation E, =V, ¢, B =V ¢ — %WF =VA; xb

o Use py = v + %b__ as a coordinate to eliminate m@@ (Hahm’88)

o o= feteged T+

e Quasi-neutrality: ¢ = = [o(b)¢y. exp(ik - x)
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® L =1 —Ty, @HWWSQIO“ z = qoRb.
o [, = 2mwqyRy. Periodic in x-y, toroidal bc’s.
e Predictor-Corrector (no electron sub-cycling and orbit averaging)

e Fourier method for gyrokinetic quasi-neutrality condition and Ampere’s law

e 1D domain decomposition in z with domain cloning at each z. (C. Kim and S. E. Parker,
2000)



High 5 Problem and Solution

w2

e For k p; < 1the X = QN|M term much larger than the \Am term in the Ampere’s law.

e This term should be exactly cancelled linearly by a corresponding part of uj. However,
this cancellation is difficult to attain, since u comes from particles and contains the effects
of finite particle number and finite particle size

Uje(X) = MSQ. v S(x; — X)

w, electron weight. S is the particle shape. x location of the grid point, x; the particle
position.

Alfven wave simulation beta effect on drift wave
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e The problem is not caused by the split-weight scheme. Using v, formulation with the same
split-weight scheme does not solve the problem. However, v, formulation with a different
split-weight scheme (W. W. Lee, 2001) was demonstrated in low-dimensionality simulations
to be free from this difficulty. It is not clear whether this is true in 3-D simulations.

0A : - o
e v formulation with finite differencing — ﬂ__ , even time centered, leads to numerical instability.

Solution

e Evaluate 2 \»__ using the same discrete marker representation and scattering operation as
that used ﬁoﬁ uje, both in the Ampere’s law and in the equation for @

2 Ew

pmw@}_ (%) = [y fulv) v = =5 ¥ Ay(x)) S(x; — x)

g

e A, unknown prior to solving Ampere’s law. Use iteration

2 EWm n+1 Ew
Vit o4 = Be (u)i — wpe) + . o (Al Mm__?v (xj —x))

number of iteration 5 ~ 7. This also works for the nonlinear term dn.A; in the Ampere’s
law.

e It is found that similar technique for the mm:omwlwﬁ term in the quasi-neutrality condition
1s not necessary, since €, < 1.



Finite § Effects on Slab ITG - Good Agreement
Between Simulation and Dispersion Relation

Slab dispersion relation I\Awwﬁg — M, — k%) = B(N. — N))(K" — L; + L.) with

Li = (2 — Qu)Lo + Quils, M; = —To(1 + (Zi) + BOnlo — Quils — QLo)GZi — QuiloCP (1 + GiZ;), N = JAE_;EJQG + (iZ;) +
Alwbﬂﬂo + H,o + @Hmﬂ*vﬁ + M@N@v + bﬂﬂoﬁw + M@m + AWNLT hm = bu im =1- A@ - @,Ho\m - CﬁmNmAﬁmv - b%mﬁmmﬁ + ﬁmvau Zm =
IW,_EHQAW + (L + CeZe)) + (2 = Qre/2 — 1)(1 + CeZe)], bin = Iwﬁ\\;? KTa = I&M\mg\ﬂ? Q = knky/w, Qra = Kraky/w, Lo =

Lo(b) = Do(k202/02), Iy = Ty — b(Tg — 1), K3 =1 =T,0). Co = w/V2kvia- Za = Z(Ca) the plasma dispersion function.
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kepi = 0.2, kyp; = 0.4, kyp; = 7.14 x 1074, krp; = 0.2, Kpp; = 0.04, Kep; = 0, 32 X 32 x 32, 262 144 €’s and i’s, gg = 0.5,
lg x ly x 1, = 32p; x 32p; X 8796p;, At we; = 2



Electron-ion Collisions

e Lorentzian operator

_ 0 2, 0 o 202 2,3
Cr(f) = N\@A@vaﬁ A vy\u Ve(v) = 2me“(ne’); In A/miv
o Cr(ejepfy/T) =0. Cr(h) implemented with Monte-Carlo method at both predictor and

corrector steps.

Auo = (1 = 208) [ (1 = ) 208

where 4+ means equal probability of + or — (Boozer and Kuo-Petravic, '81). At = dt for
corrector step and At = 2dt for predictor step, dt is the time step.
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Finite § Stabilization of Toroidal ITG and the
Kinetic Ballooning Mode

e Both finite 8 effects are observed with the new algorithm. Old code numerically unstable
for large 3.

e Hybrid model with zero mass electrons shows finite 3 effects on I'TG and kinetic ballooning
modes (S. Parker, Y. Chen and C. Kim, 2000; G. Zhao and L. Chen, 2002). However, 3-D
hybrid simulation has difficulty with k;p; = 0 component, does not approach the adiabatic
limit even though trapped electron effects are neglected.

e c-i collisions have strong effects on the KBMs. With vi/we = 3 x 1074, there is a sudden
drop in the growth rate of KBM near 5, ~ 1.5%.

e Across this critical £, the eigenmode ¢(z,y, z) changes its structure along the field line (z
direction). For B, < . ¢ even in z with maximum at z = 0 (similar to [TG), for 5. > (.
¢ odd in z. A is always opposite to ¢.

e While eigenfunction ¢ for ITG is dominated by k, = 0 component, KBM shows more
complicated radial structure.

e Without collisions no abrupt change in growth rate seen.
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ITG ¢(x,y) and ¢(z, 2)

phixy_b1.0e—4 phixz_b1.0e—4

apaxy_b1.0e—4 opoxz_b1.0e—4

ITG A (z,y) and A (z, z)



AITG B, = 1.25 x 1072 ¢(x,y) and ¢(z, 2)

phixy_b1.25 phixz_b1.25

apaxy_b1.25 apaxz_b1.25

Aj(z,y) and A (z, z)



AITG B, = 1.5 x 1072 ¢(z,y) and ¢(z, 2)

apar apar

Aj(z,y) and A (z, z)



Results of Nonlinear Toroidal Simulations at Low [

e DIII-D Base Case: Rokti = 6.9, Rok, = 2.2, T; = T,, ro/Ry = 0.18, qp = 1.4, § =
(r0/q0)(dq/dr) = 0.78. Size of flux tube 64p; X 64p; X 2wqy Ry, grid resolution 64 x 64,
4 194 304 ions and equal number of electrons. 8 = 107% Q;At =4, ¢, = 0.5. (k1. = 0).

e Growth rate is increased from adiabatic electron simulations by a factor of ~ 2, mainly
due to trapped electrons. Ion heat flux increases by a factor of > 5.

e e collisions reduces the growth rate and transport.

e Collisionless damping of zonal flow and the residual level are about the same
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Summary and Future Work

e Linear electromagnetic simulation of microinstabilities with kinetic electrons using the split-

weight scheme is extended from the regime of 5,7 < 1 to f, =

e e 2 20, for instabilities on

the 1on Larmor radius scale.

e The flux-tube based code includes both passing and trapped drift-kinetic electrons, gyroki-
netic ions, electron-ion collisions, ion-ion collisions (the drag-diffusion part).

e Electron-ion collisions are strongly stabilizing for the Kinetic Ballooning Modes. Mode
structure changes as (3 passes a critical value.

Future Work

e Signal of the low frequency instability of interest is contaminated by the high frequency
Alfven noise.

— Are Alfven frequency fluctuations present in turbulence?

— If not, how to avoid this in simulations?

e Simulations at moderate to high £ do not saturate. With linear electrons, saturation level
too high.

— What is the saturation mechanism for finite 37



